Survival curves of Aspergillus flavus were obtained under combined effect of thermosonication at 52.5, 55 or 57.5°C, ultrasound at 20 kHz with 13 mm diameter probe, operating continuously at an amplitude of 60, 90 or 120 m, in a model system, adjusted with sucrose at a w 0.99, 500 ppm vanillin and pH 5.5 or 3.0. Survival data were fitted to the cumulative form of frequency Weibull distribution successfully described all dose-response curves with a satisfactory fit and lower MSE values. Shape factors of Weibull model obtained show that A. flavus survival curves were concave upward (n > 1), concave downward (n < 1) and also linear (n = 1). A. flavus exhibited higher sensitivity at lower pH 3.0 and it is noticeable that at the higher pH 5.5, in most of the cases, the shape parameter n was higher than 1, which suggests that in the majority of the cases the remaining cells become weaker when treatment time increases, indicating that accumulated damage may occur due to combined stress factors. Combining thermosonication, natural antimicrobial and reduced pH demonstrated efficacy in mold inactivation since short time treatments were needed (2.5-9 min), but when combining high temperatures and high ultrasound amplitudes, very short time treatments were needed to inactivate the mold (2.5-3 min). Use of combined ultrasound, natural antimicrobial and stress factors as pH allows using lower temperatures and shorter treatment times for microbial inactivation in order to improve food quality. Weibull model is a flexible model that takes into account nonlinearity and describes more precisely microbial inactivation with thermosonication.
Introduction
Traditionally, the most popular preservation technologies for the inactivation of microbial population of food have relied on thermal treatments. Unfortunately, heating induces physical and chemical changes in food, and efforts to develop many alternative processing technologies which result in products that have minimal process, induce changes in sensory and nutritional characteristics. Most new and emerging preservation techniques (high hydrostatic pressure, ultrasound, high voltage gradient pulses, ultraviolet, among others) aim to inactivate microorganisms in foods rather than to inhibit them [1] . High-intensity ultrasound represents an alternative for the development of minimally processed foods as a possible emerging preservation factor in combination with other hurdles to reach the desired inactivation effect [2] .
The inactivation of microorganisms by ultrasonic waves has been attributed to the cavitation phenomenon. Microbubbles of gas and/or vapour formed within a liquid during the rarefaction cycle of the acoustic wave undergo violent collapse during the compression cycle of wave [3] . Intracellular micromechanical shocks may disrupt cellular structural and functional components up to the point of cell lysis [2] . Inactivation of mold spores using ultrasonic treatment was studied by Jiménez-Munguía et al. [4] , boiling chips and air bubbles were added to the treatment medium to enhance the effect of the cavitation from the sonication, reducing D values. Resistance of different species to ultrasound differs widely as a result form the specific effect of ultrasound on the cell wall and differences in the cell wall structures among species [5] . Molds and yeasts are in general more resistant to high intensity to ultrasound [6] .
The use of ultrasonic waves as a unique preservation factor is unable to effectively kill all the microorganisms since the high levels needed could adversely modify nutritional and sensory properties of the food [3] . Ultrasound treatments coupled with heat and/or pressure have been reported to enhance the efficacy in microbial inactivation compared to an ultrasound alone treatment [7] .
The introduction of any alternative technology or combination of various alternative/traditional technologies requires scientific data about microbial response. In particular, kinetic parameters and models are essential to develop food preservation processes that ensure safety [1] . Although there are organisms and bacterial spores that have linear or approximately linear semi-logarithmic survival curves under certain conditions, there is growing evidence that microbial semi-logarithmic survival curves need not necessarily be linear and in most cases they are not [8] . The parameters also allow comparison of the ability of different process technologies to reduce microbial populations. An alternative survival model is the Weibull distribution function that takes biological variation into account and is used to describe the spectrum of resistances of the population to a lethal agent under different conditions. Moreover, this model presents the main advantage of remaining very simple and being sufficiently robust to describe both downward concave survival curves (n > 1) and upward concave curves (n < 1), obviously, the model includes the traditional case where the survival curve is linear [1, 9] . The objective of this study was to model the combined effect of thermosonication at different pH on the inactivation kinetics of A. flavus. 
Materials & Methods

Data source
The mold A. flavus was inoculated into sterile broth prepared with Sabouraud glucose 2% broth adjusted by sucrose addition to a w 0.99 and citric acid to pH 5.5 or 3.0 and 500 ppm vanillin added, then treated with combining thermosonication (52.5, 55 and 57.5°C and ultrasound at 20 kHz with 13 mm diameter probe operating continuously at an amplitude of 60, 90 and 120 m).
Enumeration of survivors
Survival viable mold spore counts were determined immediately after treatment by surface plating on potato-dextrose agar and incubated at 27°C for 3-5 days.
Modeling of survival curves
Survival data were fitted to the cumulative form of frequency Weibull distribution of resistances. This model assumes lethal events as probabilities and survival curves as the cumulative form for a distribution of lethal events. where N o is the initial number of viable cells (CFU/ml), N is the number of cell survivors (CFU/ml) after an exposure treatment time t (min), t = time (min), b and n are the scale and shape factors. Kaleidagraph (version 3.08c, Synergy Software) was used to determine b and n parameters. These values then were used to calculate the frequency distribution of resistances or sensitivities using the following equation:
where t c is a measure of the organism´s resistance or sensitivity and d /dt c is a Weibull distribution corresponding to t c , the distribution mode, t cm ; mean, c t ; variance, tc 2 ; and coefficient of skewness, :
n c b n n t
where is the gamma function. The distribution mode t cm represents the treatment time at which the majority of population dies or inactivates. The mean c t corresponds to the inactivation time on average with its variance tc 2 . The coefficient of skewness, 1 represents the skew of the distribution and it is related to the most resistant members of the population [3] .
Model evaluation
The goodness of the fit was assessed using regression coefficient (R 2 ) and mean square error (MSE). The higher R 2 values, the adequacy of the model to describe data is better. The smaller the MSE values the model fit the data better [10] :
where n is the number of observations and p is the number of parameters to be estimated.
Results & Discussion
Inactivation of A. flavus treated with thermoultrasonication was modeled using the cumulative form of frequency Weibull distribution of resistances, exhibiting non-linear survival curves in most of the tested cases. Predicted survival curve corresponding to 57.5°C, amplitude 120μm and pH 3.0 followed a first order kinetics. Shape factors (n) of Weibull model in Table 1 indicate that most of the tested thermoultrasonic treatments were concave downward (n > 1), which can be observed in Figure 1 while few treatments were concave upward (n < 1).
Downward concavity indicates that remaining cells become increasingly damaged and upward concavity indicates that remaining cells have the ability to adapt to the applied stress factors [11] . A. flavus exhibited higher sensitivity at lower pH 3.0 and it is noticeable that at pH 5.5, in most of the cases, n was higher than 1, which suggests that the remaining cells become weaker when treatment time increases, indicating that accumulated damage may occur due to combined stress factors. In the cases of upward concavity (n < 1), sensitive cells of the population are destroyed at a fast rate, leaving cells of higher resistance to the stress factors applied. The survival patterns do not remain the same if the treatment factors change. An organism can exhibit a concave-upward survival curve when exposed to one lethal agent and concave downward when exposed to another. The concavity direction itself can be reversed when the intensity of the treatment is increased or decreased [12] . In this study, increasing the amplitude at pH 3.0 changed the survival patterns of the mold, however at higher pH 5.5 the change of ultrasound intensity (higher amplitude) had no influence on the survival patterns. When the magnitude of shape factor (n) decreases, the aspect of the observed shoulder also changes. When survival curves in Fig. 1 at pH 5.5 and 60 and 120 μm are compared, it can be seen that the higher amplitudes (with lower n value) presented a flatter shoulder. The parameters b and n can be used to generate resistance frequency distribution plots in order to obtain a better explanation about the influence of combined treatments [3] . Table 1 resumes the underlying distribution parameters: mode, mean, variance and coefficient of skewness for each frequency distribution calculated according to Eqs. (3) (4) (5) (6) . Treatment at 90 μm amplitude frequency distribution shapes (Fig. 2 ) indicated overall spread of data with corresponding mean values greater than for 60 μm and 120 μm amplitudes. In addition, the lower amplitude (60 μm) curve was more skewed to the right than curves for the other amplitudes evaluated, showing that an important fraction of the mold can survive under this treatment. The higher distribution mean values, c t , had much more spread evidenced by the high variance values (Table 1) at the lowest temperature evaluated (52.5°C).
The pH of the treatment medium had an important effect in inactivating the mold since much lower frequency distribution of resistances was observed at pH 3.0. Lee et al. [13] observed slightly increased sensitivity of Eshcerichia coli K12 to heat when thermosonication treatments were applied in a pH range of 4 to 7. However, Guerrero and others [2] demonstrated that a reduction in pH did not affect the sensitivity of Saccharomyces cerevisiae to ultrasound treatment at the nonlethal temperature 45°C.
The frequency Weibull distribution of resistances evidenced important differences among treatments. Therefore combining thermosonication, vanillin at reduced pH demonstrated efficacy for mold inactivation at lower temperatures, since short time treatment were needed (2.5-9.0 min). Furthermore when combining high temperatures and high ultrasound amplitudes, very short time treatment were needed for mold inactivation (2.5-3.0 min). 
Conclusion
Weibull model is a flexible model that takes into account nonlinearity and describes more precisely mold inactivation with thermosonication. Survival data fitted to the cumulative form of frequency Weibull distribution of resistances successfully captured studied thermosonication dose-response curves with a satisfactory fit. Weibull parameters are useful to explain mold inactivation and perform comparisons among treatments. The pH treatment medium had an important effect for inactivating the mold since much lower frequency distribution of resistances were observed at lower pHs. The use of combined ultrasound, natural antimicrobial and pH, allows using lower temperatures and shorter treatment times for microbial inactivation in order to improve food quality.
